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TKe present invention relates ,o an clectronic ^ ,„„ ^ at least one 
™^ iogro element ma, comprises: a, .east one 0.00k tercoina, tor receiving a C^k 

T ^ ^ — ^ ~-*« - *•« *-U a. .eas, one ou*ut terminal 
for prcvuhng ^ otupn, signaL Tne present invention also rotates to: an app^atua ^ 
mCndes an e.eeteonic oiroui. having me fcahrrcs recited above; and a method of coining 
power eoi^sumpdonofsuoh an deetromo circuit 



WOOW^Al'Mcroprocessmwiutd^ 
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It .s generally known in the art tha, fte power consumption and dissipation 
and criteria of modem Ceotronio circuity, soon as an integrated oirj, m & r 
example, is becoming more and more critical as their performance requirements, i.e 
mncbonanty, cmnp>exity, die size, Cook speed etc., increase. Furthermore, fce isme rf 

commiinicatioDs. 

Pnrthemaore, it is well understood in the art mat an IC that operates at high 
Cock rates, and ma, has aubatential portions of active etecronio circuitry, gL^ ^ 
20 substenum^tiuesofheat ™s oea. most somehow he removed aw^ mom me C and 
essoc.atedapparams.mmet^mosteffloientandoostefleonveman^ ^ 

25 fbrman- 1 ^ a ^ OUS * ecnn t < J'res, circuitry and systems arc known to those skilled in the art 
mrman^ gm e poweroo ^ 0 ^^ <mofmICManyresearc 

been onented «o me design of circuits and techniques that achieve me desired perfo, 
niuiibCT^fdiff'^k^^^'^ consumption levels. Since power consumption depends 
numberof dtSerent fcemm such as, for e*amp,e: snpp.y voltage; elock ftequLy- swHohing 
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try to minimize power consumption by reducing either one or a combination of such fectors. 
Furthermore, leakage currents are becoming more of a factor in the power consumption 
budgets of ICs due to physical effects being experienced as changes occur in IC process 
technologies. As a direct result, solutions such as back biasing an ICs substrate or the use of 
MTCMOS technology have been proposed as efficient ways to control these leakage currents 
so as to manage an ICs power consumption. 

Most of the effort in reducing IC power consumption is applied during the ICs 
design phase, where information on the power consumption of the IC is collected from 
simulations and statistical data. There are commercially available software based power 
consumption simulators that have gone some way to assist in the design of optimal circuits 
from the point of view of power consumption. But, these power consumption simulators 
optimize the power resources according to a series of fixed conditions, which is clearly 
disadvantageous. 

In WO 01/48584 Al a microprocessor is divided into various functional units 
that each has its own fixed 'power weight' that is encoded in a digital word: the power 
weight has to be determined by a calibration process. When the microprocessor runs a given 
program, the state of each functional unit is digitally monitored, i.e. it is either active or 
inactive, and Ibis information is passed on to a special monitoring unit. This monitoring unit 
neglects the power weights associated with the inactive functional units, but adds the power 
weights of the active functional units and compares the sum with a threshold that represents 
the expected maximum power consumption. If the sum is greater than the threshold, the 
instruction execution rate is decreased by lowering the clock frequency or by introducing 
bubbles in the instruction pipeline. If the sum is lower than the threshold, then no action is 
taken. 

Some other examples of power consumption manipulation techniques involve: 
adjusting the frequency of a system clock to its optimum rate depending upon, among others, 
the data processing task(s) to be undertaken; adjusting the power supply in response to a 
given set of circumstances; or removing the supply of power altogether. 

Some of the many and varied methods and apparatus for dissipating the heat 
produced by an IC that are known to those skilled in the art include, for example: heatsinks 
and liquid cooling. Such methods and techniques can very often be elaborate and expensive, 
both in monetary and spatial terms. 

The scheme disclosed in WO 01/48584 Al has some exemplary 
disadvantages. One such disadvantage is in that power consumption is monitored digitally. 
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Further disadvanteges are flu* the power consumed by each of the functional urn* is no. 
well represented by a -fixed weigh," solution, sinoe power consumption is very much 
dependent upon the quantity aed type of input date; and eaoh of me functional unite has «o be 
eaUbrated so as to define their appropriate power weights. 



ft is an objeet of the present invention to provide an improved reduction of 
power consumption. 

The invention is defined by the independent claims. 
The dependant claims define advantageous embodiments of the invention 
The object is realized in that said electronic circuit further comprises: circuitry 
formomtonngme mput and output signals toprovid^ 

and output srgnals.wherem me electronic cir^^^ "* 
controllable in response to the control signal. 

According to one embodiment of a circuit of the present invention, the 
electmnic circuit is capable oD^..^^^^^^^ 

an embodnnent has the advantage that any changes in the clock rate are applied throughout 
the electronic circuit Therefore, when power is required to be saved it can be carried out 
quickly and substantially. 

Accordirustoanotterembodhr^ofac^^ ^ 
electronic cireui, is capable of preying information relating to future power consumption 
Knowtng or predicting what fhture power consumption will, or is likely to. be can have 
obvtous benefits when actively continuing power consumption. Decisions can be taken in 
advance of a known or likely 'about to happen' event that would, under notmal 
circumstances, lead to increased power consumption. 

Fuithennore, according to another embodiment of a circuit of the present 
mvention, me electionic cireui. has me ability of having future power consumption being 
contiolMemadvan^basedup^past^ 

Power consumption will, or is Ifkeiy to, be basedupon pas. events can also have obvious 
benefits when actively continuing power consumption. Once again, important advance, 
power savmg decisions can be token rehnng to a known, or like.* 'about to happen' event 
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Other features and advantages of the electronic circuit, apparatus and method 
of the present invention are capable of being elucidated by and from the accompanying 
exemplary drawings and description that follows. 

In the drawings, which are intended as non-limiting examples of the principle 
5 of the present invention: 

Fig. 1 illustrates exemplary state-of-the-art digital circuitry; 
Fig. 2 illustrates a generic embodiment of electronic circuitry according to the 
present invention; 

Fig. 3 illustrates another embodiment of electronic circuitry according to the 
10 present invention; 

Fig. 4 illustrates yet another embodiment of electronic circuitry according to 
the present invention; 

Fig. 5 illustrates the digital circuitry of Fig. 1 with me incorporation of 
electronic circuitry according to the present invention; 
15 Fi 8 s - 6a ^ 6b illustrate prior art transconductors; 

Fig. 7 illustrates a basic system block diagram of electronic circuitry according 
to the present invention; 

Fig. 8 illustrates a block diagram of electronic circuitry used for voltage 
control according to the present invention; 

Fig. 9 illustrates a block diagram of electronic circuitry used for the frequency 
control according to the present invention; and 

Fig. 10 illustrates a generic block diagram of electronic circuitry used for the 
control of power consumption according to the present invention. 
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While the circuit of the present invention is described in reference to ICs, and 
in particular CMOS process technology ICs, it will be appreciated by those skilled in the art 
that its underlying principles are also applicable to other electronic circuits and IC process 
technologies. 

The power consumption of digital ICs can be divided into two separate 
categories. The first category being, dynamic power consumption, and the second being, 
static power consumption. 

Dynamic power consumption occurs during the logic state changes that take 
place within the digital circuitry of an IC. Static power consumption, on the olher hand, 
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occurs when the digital circuitry is in a steady, or quiescent, state. Dynamic power 

consumption is me dominant fector in the power consumption of charge controlled circuitry 
such as CMOS, and occurs when the nodes of the various elements, which form the circuitry', 
change state due to an appropriate input stimulus. 
5 In the interest of brevity, the use of the term "power' herein includes either 

actual power or a value, such as for example, current, voltage or another measurement mat is 
proportional to, or indicative of, actual power. 

Referring to Fig. 1, this particular example of digital circuitry 10 comprises a 
series of D-type data latches, sometimes referred to as flip-flops or sequential logic, 12a-12e 
10 and two combinational logic blocks 14, 1 6. 

It should be noted that for the purposes of describing the present invention, D- 
type flip-flops have been described and illustrated. However, the objects and advantages of 
the present invention, as will be understood by those skilled in the art, can also be achieved 
by the use of other types of logic, sequential or otherwise, such as, for example, J-K or S-R 
15 type flip-flops. Furthermore, the combinational logic blocks 14, 16 are intended as non- 
exhaustive illustrations of, for example, a processing logic block and a data path logic block. 

Referring to Fig. 1, flip-flop 12a receives an input signal II and produces an 
appropriate output signal Ol, which acts as a first input signal to the first logic block 14. 
Flip-flop 12b receives an input signal 12, which is a first output signal from the first logic 
block 14, and produces an appropriate output signal 02, which acts as a first input signal to 
the second logic block 16. Flip-flop 12c receives an input signal 13, which is a first output 
signal from the second logic block 16, and produces an appropriate output signal 03. Flip- 
flop 12d receives an input signal 14, which is a second output signal from the first logic block 
14, and produces an appropriate output signal 04, which acts as a second input signal to the 
first logic block 14. Flip-flop 12e receives an input signal 15, which is a second output signal 
from the second logic block 16, and produces an appropriate output signal OS, which acts as 
a second input signal to the second logic block 16. Each of the flip-flops 12a-12e also 
receives a clock signal CLK, which is used to operatively gate input and output signals. 

If the data contents of any of the flip-flops 12a-12e does not change, then the 
dynamic power consumption of the illustrated circuitry in Fig. 1, ignoring for the purposes of 
this illustration the clock signal CLK, will be zero, since there are no logic state changes. If 
however a state change does occur within one or more of the flip-flops 12a-12e and either 
one or both of the logic blocks 14, 1 6, or a respective portion thereof, due to an appropriate 
stimulus, then this state change propagates through the circuitry 10. Such propagation 
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6 27.05.2003 
generates a certain amount of dynamic power consumption within the circuitry 10 Therefore 
for a given clock cycle, power is consumed at a rate proportional to the number of state 
changes that takes place within the elements that comprise the circuitry 10. On average the 
greater the number of elements that change state, i.e. the greater the 'activity' of the circuitry 
the greater the power consumption. Therefore, knowing the number of elements that change ' 
state in a given clock cycle provides a direct correlation to the power consumption for that 
particular clock cycle. It should be noted that modern digital IC design methodologies and 
tools allow designers to know in advance, and with a great deal of certainty, what state 
changes are taking place, in response to input stimuli, and where such changes take place 
Such advance knowledge is advantageous, as will be apparent from the following description. 

If the power consumption, that is to say the activity, of a circuit is known in 
real time, it is then possible from this knowledge to operatively control the operation and 
hence subsequent power consumption, of the circuitry 10 accordingly. Such control can 
include for example: a state change within elements of the circuitry 10; adjustment of the 
power supply voltage; adjustment of the IC's back-bias, i.e. substrate voltage; or adjustment 
of the frequency of the clock signal. Those skilled in the art will appreciate that the 
aforementioned iUustrative control techniques, in addition to others, can be used in many 
varying degrees and combinations so as to reduce power consumption and performance 
Thus, having the ability to monitor the activity of the circuitry 10 so as to enable the power 
consumption to be established is advantageous for increasing the overall performance of 
integrated circuits, as will be apparent from the following exemplary description and 
illustrations of the present invention. 

If, in response to appropriate input stimuli, any of the flip-flops' 12 content 
changes, such changes will propagate through the circuitry 1 0 generating a certain amount of 
dynamic power consumption. Thereafter, but some time before the next clock CLK edge the 
new logic state values 11-15 at the inputs of the flip-flops 12 settle, thus preparing the flip- 
flops 12 for a new activity cycle. Accordingly, the power consumption of the circuitry 10 
depends upon the number of flip-flops 12 that change state in each clock cycle. Thus by 
operatively monitoring the activity at appropriate switching nodes, i.e. flip-flop input and 
output terminals, respectively D and Q, during each clock cycle, the power consumption of 
the circuitry 10 can be established Appropriate switching nodes can readily be determined as 
part of the IC's design cycle. As mentioned earlier, modern design methodologies and tools 
allow designers to determine what data paths, and hence circuitry, will be active for known 
input stimuli. This advance knowledge can be used to strategically deploy monitors at the 
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most appropriate nodes within the circuitry. This is especially advantageous when for 
example the characteristics of a logic block, for example, are known since the number of 
monitors can be kept to a minimum, thus reducing power and area otherwise taken up by 
monitors. 

According to the present invention, electronic circuitry is added to the 
circuitry 10 so as to monitor, i.e. detennine, its activity. Essentially, this monitoring is 
achieved by adding some extra circuitry to either all the flip-flops 1 2 or a certain portion 
thereof in order to monitor the activity of the circuitry 10. 

Referring to Fig. 2, the activity monitor 20 is the basic building block used for 
the purpose of monitoring the activity, and subsequent power consumption, of circuitry 
according to the present invention. 

The flip-flop, or logic stage 12 has, in this particular example, an associated 
two input; one output, activity monitor 20. A first input of the activity monitor 20 is 
connected to the input D of the flip-flop 1 2 and a second input of the activity monitor 20 is 
connected to the output Q of the flip-flop 12. The activity monitor 20 produces an output 
signal CS which is determined by the state of the input and output signals I, O on the 
respective D and Q terminals of the flip-flop 12. 

Referring to Fig. 3, one method of determining power consumption, as 
indicated by the number of switching flip-flops 12, would be to connect a two input XOR 
logic gate 30 between the input and output terminals D, Q, of each respective flip-flop 12 that 
is required to be monitored. In this particular embodiment, the flip-flop 12 only changes state 
when the value of the input signal I on the input terminal D of the flip-flop 12 does not equal 
the value of the output signal O on its corresponding cutout terminal Q. 

Table 1 is a logic table that illustrates the state input and output values 
associated with the XOR logic gate activity monitor of Fig. 3. 



1(D) 


0(Q) 


CS 


0 


0 


0 


0 


1 


1 


1 


0 


1 


1 


1 


0 



Table 1 
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In tbe case where the logic states at the input and output terminals D Q of the 
flip-flop 12 change such that they arc not equal, i.e. I * O, then the output signal CS from the 
XOR gate 30 is a logic 'high' or <1 • state, which indicates a state change of the flip-flop 12 
and hence circuit switching activity. Therefore, by counting the number of XOR output 
signals CS that have changed to a logic < 1 ' state in each clock cycle provides the necessary 
information regarding the dmuitry's switching activity. Since it is desirable to obtain this 
result in one clock cycle, the aforementioned counting would have to be carried out by adder 
circuitry, not illustrated. However, for circuitry with N flip-flops 1 2, where N is an integer 
such an implementation based upon the illustration in Fig. 3 would require N two input XOR 
gates 30 and a digital adder, not illustrated, that has N one-bit inputs and l og2 N outputs It 
will be appreciated by those skilled in the art that, where N may be large, mis solution may 
not be as attractive as other solutions, such as will be described below. 

Referring to Fig. 4, the activity monitor 20 comprises two PMOS transistors 
PI, P2 and two NMOS transistors Nl, N2. 

The source terminals of transistors PI and P2 are both connected to the 
positive power supply VDD while the source terminals of transistors Nl and N2 are both 
cormectodtogethcrtofonn me cutout torminaUO of toe activity monitor 20. !n this particular 
exemplary illustration, the gate terminals of transistors PI andNl are both connected to toe 
input terminal D of toe flip-flop 12, while the gate terminals of transistors P2 and N2 are boto 
connected to a corresponding output terminal Q of the flip-flop 12. The respective drain 
terminals of each of the four transistors PI, P2, Nl and N2 are all connected together. 

In order for this activity monitor 20 to detect a state change in the flip-flop 12 
the respective arrangement of the transistors PI, P2, Nl, N2 has to be differential in nature ' 

Table 2 is a logic table that illustrates both the input and output logic states 
associated with the activity monitor of Fig. 4 and the conduction state of each of its four 
transistors. 



1(D) 


0(Q) 


CS 


PI 


P2 


Nl 


N2 


0 


0 


0 


On 


On 


Off 


Off 


0 
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On 


Off 


Off 


On 


1 


0 


1 


Off 


On 


On 


Off 


1 


1 


0 


Off 


Off 


On 


On 
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As can be seen, the arrangement and control of the transistors PI P2 Nl and 
N2 illustrated in Fig. 4 and Table 2 is therefore a differential current source that is capable of 
detecting any logic state change, i.e. activity, of the flip-flop 12. 

Therefore, when the input signals I, O to the flip-flop 1 2 are not equal, iel* 
O, only then will a pair of transistors, either PI and N2 or P2 and Nl, be conducting current 
Conversely, when the input signals I, O to the flip-flop 12 are equal, i.e. I = O, none of the 
transistor pairs PI, N2 or P2, Nl will be conducting and in such a case, the output terminal 
40 of the activity monitor 20 exhibits a high output impedance and therefore no current is 
supplied 

Referring to Fig. 5, each of the flip-flops 12a-12e have respective associated 
activity monitors 20a-20e operatively connected between their respective input and output 
terminals D, Q. Summing the currents produced by the individual activity monitors 20a-20e 
can be achieved by connecting their respective output terminals 40 together so as to produce 
a common output terminal 50, if so required. 

Again, if a state change occurs within one or more of the flip-flops 12a-12e 
and either one or both of the logic blocks 14, 16, or a portion thereof, due to an appropriate 
input stimulus, then this state change will propagate through the circuitry 1 0. When any of 
the flip-flops 12a-12e change state, its respective activity monitor 20a-20e, due to its 
differential mode of operation, produces a respective current 

It will be appreciated by those skilled in the art that the amount of current 
produced by each activity monitor 20a-20e in response to a state change of an associated flip- 
flop 12a-20e is capable of being independently set and/or controlled to suit a particular 
application or need. 

One method of setting the amount of current produced by an activity monitor 
20 is by means of the aspect ratios, i.e. the ratio of gate width W to length L, of the transistors 
PI, P2, Nl and N2 which are determined during the design and febrication stage. Therefore 
if a particular activity monitor is expected to indicate the consumption of a relatively large ' 
amount of power, because it is associated with monitoring a large portion of circuitry then it 
1S possible to increase the amount of the current delivered by this activity monitor by 
adjusting the aspect ratio, typically just the width W, of one or more of its transistors PI P2 
Nl and N2. One possible application where 'wider' transistors PI, P2, Nl and N2 could'be ' 
employed would be in connection with the monitoring the switching activity of the clock 
signal CLKL This can be achieved by adding a dummy flip-flop, not illustrated, whose nQ 
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output, i.e. its inverse logic Q output, is connected to its D input and then monitoring its 
switching activity, i.e. power consumption, which one would typically expect to be high. 

One method of controlling the amount of current produced by an activity 
monitor 20 is by operatively switching in or out additional transistors, not illustrated, that are 
connected in parallel with the principal transistors PI, P2, Nl and N2. It will be appreciated 
by those skilled in the art that many techniques may be employed to set and/or control the 
current produced by individual, or groups of, transistors, PI, P2, Nl and N2. Having the 
ability to set and/or control the current produced by an activity monitor 20 has advantages. 
One such advantage is that an activity monitor can have its current output weighted to, for 
example, the: functionality; size; and/or power consumption, etc; of an associated logic 
block. Another advantage is that the current from an activity monitor 20 can be set/controlled 
to overcome parasitic effects associated with its output path 50. 

The speed of operation/response of an activity monitor 20 is only limited by 
the time required for its output current to charge any capacitance, parasitic or otherwise, 
associated with the current path. If such a capacitance is large, due, for example to the length 
of the current path then one or more current mirrors, not illustrated, maybe operatively 
deployed so as to counteract such a capacitance and hence increase speed/response of 
operation. This alternative method of overcoming parasitic, i.e. predorninantly capacitive, 
effects can be used either instead of or in addition to the melhods of setting and/or controlling 
the current from an activity monitor 20. One advantage of using an amplifier, such as a 
current mirror, instead of controlling the current from a series of activity monitors 20, is that 
the aspect ratios of all the transistors PI, P2, Nl and N2 can be kept to a minimum. On a flip- 
flop by flip-flop basis, this helps to conserve area and power consumption and dissipation. 
An advantage, according to the present invention, of constructing an activity monitor using 
four minimum size transistors can be higMighted as follows. Typically, each D-Type flip-flop 
is itself constructed from approximately 30 transistors. The area overhead of including a four- 
transistor activity monitor 20 into a typical D-type flip-flop is therefore 4/30 = 13.3 %, which 
in itself is not too much of a burden. However, the number of extra transistors included in the 
majority of applications of an IC design in which activity monitors 20 would typically be 
used would be in the order of a fraction of the total number of transistors that make up the IC. 

Having produced a current from one or more of the activity monitors 20a-20e 
in response to switching activity, it is now possible to convert it to a voltage, if desired, by 
the use of a current-to-voltage, I/V, transducer. 
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Referring to Fig. 6a, the output terminal 50 of the circuitry 10 is connected to 
the negative supply rail GND via a resistive element such as a resistor 60, as illustrated, or 
alternatively an NMOS transistor operating in its linear region, not illustrated. Current flows 
to the negative supply rail GND via the resistor 60 which produces an output voltage Va 
across the resistor 60 that is proportional to the current from the activity monitors 20a-20e. 

Referring now to Fig. 6b, the output terminal 50 of the circuitry 10 is 
connected to the negative supply rail GND via a capacitor 62. Also illustrated in Fig. 6b is an 
NMOS transistor N3 that is connected in parallel with the capacitor 62. This transistor N3 
acts as a switch that is operatively controlled to discharge, i.e. to reset or initialize, the 
capacitor 62. Assuming the switch N3 is open, current flowing from the activity monitors 
20a-20e integrates and charges the capacitor 62, which results in an output voltage Va across 
the capacitor 62 that is proportional to the total amount of current sourced from the activity 
monitors 20a-20e. As soon as the switch N3 is operatively closed, both tenninals of the 
capacitor 62 are connected to the negative supply rail GND, thus discharging the capacitor 62 
and typically this event would occur at the beginning of integration, which is usually at the 
beginning of each clock cycle. When the switch N3 operatively reopens and current flows 
from the activity monitors 20a-20e, the capacitor 62 again begins to charge up and produces 
an output voltage Va proportional to the current sourced by the activity monitors 20a-20e. 
The peak value of the output voltage Va reflects the energy consumed by the circuitry 10 
during a given integration time, i.e. during the charging period of the capacitor 62. Transistor 
N3 may, for example, have its gate terminal connected so as to receive the clock signal CLK. 
In a preferred embodiment of the present invention, it is desirable to ensure that the output 
voltage Va is kept below a value which ensures that the transistors PI, P2, Nl, N2 are, when 
conducting, operating in their respective saturation regions. Such operating conditions' will be 
readily appreciated, and can therefore be subsequently tailored to a particular application, by 
those skilled in the art 

Referring now to Fig. 5, the outputs of the activity monitors 20a-20e perform 
an analog calculation of the Hamming distance between the present logic state of the circuitry 
1 0 and its next logic state. As is known by those skilled in the art, this Hanuning distance is 
correlated with the average power consumption of the circuitry 10. 

One further advantage of the present invention is that the activity monitors 
20a-20e also produce a current in response to switching transients that may occur at the 
terminals of the flip-flops 12. Therefore, the waveform of the resultant voltage Va at the 
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output terminal 50 of me circuitry 10 also more accurately reflects its transient power 
consumption on a clock-by-clock basis. 

The circuitry 10, as illustrated in Fig. 7, has for the purposes of ease of 
explanation and brevity been broken down into two distinct parts: logic 70 and activity 
monitor 72. The logic 70 respectively represents all of the exemplary flip-flops 12 and 
combinational logic 14, 16 within the respective previous figures while the activity monitor 
72 respectively represents all of the exemplar individual monitors 20 within the respective 
previous figures. Also illustrated in Fig. 7 is a controller 74. 

The controller 74 receives the output voltage Va from the activity monitor 72 
and in response, operatively controls the logic 70, either in whole or in part, by altering, 
whether alone or me various combinations, for example, its: supply voltage; clock frequency; 
and/or threshold voltage(s). 

It will be appreciated by those skilled in me art that the block diagram 
illustrated in Fig. 7 could, in the case of a large IC, be replicated and distributed throughout 
various zones of the IC. For example, the logic 70 could have three distinct elements: 
processing; memory; input/output, wherein each of these three elements could have its own 
dedicated logic, activity monitor and/or controller. Having disclosed such a variation, other 
such combinations are easily imaginable and can therefore be adapted to meet the individual 
specific needs as required. 

Other advantages of the present invention that will also be appreciated by 
Ihose skilled in the art relate to power consumption forecasting. Due to the operation of the 
flip-flops 12, the output signal Va of each of the respective activity monitors 20 gives a 
measure of a circuit's real power consumption for each clock period. Each output signal Va 
contains two pieces of useful information. Firstly, it provides information regarding the past, 
i.e. how many state changes in the associated flip-flops have occurred in the present clock 
period and secondly, it provides information regarding the future, i.e. how many state 
changes in the associated flip-flops will be produced in the next clock period. Therefore, the 
output signal Va of the activity monitor actually predicts the future power consumption,'i.e. 
switching activity, of its associated circuitry before it occurs. Furthermore, situations where a 
predetennined power level is, is likely to, or has, been exceeded can be detected. From such 
predictions it is possible to react in advance and initiate some form of strategy in order to 
increase performance. 

Another advantage associated with the present invention stems from the fact 
that the output signal Va of an activity monitor 20 provides a waveform profile, or signature, 
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of the power consumption, including ghtehing activity, for a given stream of input data. 
Although not illustrated, such a waveform profile or signature may then be analyzed, either in 
real time or otherwise, so as to determine for example any abnormalities which do not change 
the logic behavior of the circuitry in question but that can be potentially dangerous. 
Furthermore, by recording the output signal Va of an activity monitor such as, for example, 
the execution of given instructions or a routines, and averaging this data, a measure of the 
average power consumption associated with this event can be established. This information 
can then be used by a high level controller 74, for example, to control the circuitry either with 
hardware and/or software according to the circumstances. Hardware control could typically 
take the form of switching in and/or out different circuits, or portions thereof. Software 
control could typically take the form of executing alternative instructions or routines. 

Referring to Fig. 8, the block diagram illustrates a buffer 80; an activity 
monitor 72; a sample and hold amplifier 82; a voltage regulator 84; and logic 70. 

The input data is buffered in a FIFO memory 80, which has operative 
connections to the activity monitor 72 and the logic 70. The FIFO memory receives input 
data streams before they are applied to the logic circuitry 70. In this embodiment, the purpose 
of the FIFO memory 80 is to adapt the average rate of input data to the processing speed of 
the logic 70. Although not illustrated, each flip-flop, i.e. shift register, in the FIFO memory 
80 could also include its own activity monitor 20, so that, by monitoring the FIFO memory 
80 activity, information can be obtained regarding the future activity of the logic 70, which 
for controlling and monitoring power consumption, is advantageous. 

During each clock period, the output signal Va from the activity monitor 72 is 
sampled and reseated to a more appropriate value by a sample and hold amplifier 82. The 
output signal Vc of the amplifier 82 is applied to the power supply regulator 84, which in 
response, operatively increases or reduces the supply voltage VDD of the logic 70 in 
accordance with the signal Vc. 

The block diagram of Fig. 9 comprises: a microprocessor 90; a summing 
circuit 92; a comparator 94 and a frequency regulator 96. 

The microprocessor further comprises a series of functional units FU,-FU N , 
where N is an integer. These functional units represent for example an ALU; a multiplier a 
shifter; a decoder etc., and each of these functional units has, in this particular example, its 
own corresponding activity monitor AM,-AM N . The output signals of each of the activity 
monitors AM,.AM N> which is a measure of activity of each of its corresponding functional 
units over a given period of time, are fed into the summing circuit 92. The summing circuit 
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92 produces an output signal Va that corresponds to the sum of all of the input signals from 
the activity monitors. The comparator receives a 'threshold' reference signal together with 
the output signal Va of the summing circuit and the output signal Va from the summing 
circuit 92 is compared the threshold reference signal. If the accumulated activity, represented 
hy the voltage Va, during N, for example, clock cycles is greater than the threshold voltage 
signal then the comparators output voltage signal Vb changes state. This state change in the 
comparator 94 is detected by the frequency regulator 96, which correspondingly regulates the 
clock signal CLK' to the microprocessor in an operative manner so as to respond to the 
output signals of the activity monitors AMi-AM N . 

The block diagram of Fig. 10 illustrates a buffer 80; an activity monitor 72; an 
analogue-to-digital converter, including a look-up-table, 100; three switches S1-S3; and logic 



70. 



The input data is buffered in a FIFO memory 80, which has operative 
connections to the activity monitor 72 and the logic 70. The output signal Va from the 
activity monitor 72 is fed into an analogue-to-digital converter 100, which also includes a 
look-up-table, and converted into a digital word. This digital word is then input to the look- 
up-table which determines the best possible state condition of each of the switches SI, S2 and 
S3. In this particular illustrative example, each switch SI, S2 and S3 respectively feeds the 
logic 70 with two possible values: transistor threshold voltage high Vfe or transistor threshold 
voltage low Vt L ; clock frequency high F H or clock frequency low F L ; and supply voltage high 
VDDh or supply voltage low VDD L . Therefore, according to the measured activity level Va 
and the contents of the look-up-table, the best combination of supply voltage, transistor 
threshold voltage and/or clock frequency can be selected via the switches S1-S3. Clearly, it 
will be apparent from the above description that any or all of the switches S1-S3 could have 
25 more than two discrete levels as illustrated. 

In summary, the activity monitor disclosed in the present invention can be 
usefixl in applications where, for example, it is not convenient, or possible, to fix the 
electronic circuit's working conditions for average power consumption, which can be largely 
determined from simulation and/or statistical analysis. In such a case, the subject matter of 
the present invention, which uses a control scheme to adapt these conditions to the changing 
consumption, becomes advantageous. Furthermore, power consumption and the 
computational needs of the circuitry often strongly depends on the input data or on the 
algorithm being executed, and in such a case, some type of trade between speed and power is 
also advantageous. 
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According to the present invention, toe activity monitor's output signal 
provides information relating to the power consumption during every clock cycle or N, where 
N is an integer, clock cycles. The information that can be obtained is twofold in certato 
circumstances. Due to the nature of sequential logic, information can be gathered from the 
past and towards toe future. From the past, such information relates to toe number of logic 
state changes in toe flip-flop inputs that have been produced during toe present clock cycle 
or past N clock cycles. Such information is useful and advantageous since it allows a 
prediction to be made regarding future power consumption. To the future, such information 
relates to the number of logic state changes at the flip-flop outputs ^ be produced during 
toe next clock period. This ability to be able to prediction future logic changes is 
advantageous when improving power consumption, performance or both. 

It should be noted that the above-mentioned embodiments illustrate rather than 
limit the invention, and that those skilled in the art will be capable of designing many 
alternative embodiments without departing from the scope of the appended claims. In the 
claims, any reference signs placed between parentheses shall not be construed as limiting the 
claim The word "comprising", "comprises", and the like, does not exclude the presence of 
elements or steps other than those listed in any claim or toe specification as a whole. The 
singular reference of an element does not exclude the plural reference of such elements and 
vice-versa. The invention may be implemented by means of hardware comprising several 
distinct elements, and by means of a suitably programmed computer. In a device claim 
enumerating several means, several of these means maybe embodied by one and the same 
item of hardware. The mere fact that certain measures are recited in mutually different 
dependant claims does not indicate that a combination of these measures cannot be used to 
advantage. 
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CLAIMS: 



1. An electronic circuit that includes at least one sequential logic element (12) 

that comprises: 

at least one clock terminal for receiving a clock signal (CLK); 

at least one input terminal (D) for receiving an input signal (I); 

at least one output terminal (Q) for providing an output signal (O); 
characterized in that said electronic circuit further comprises: 

circuitry (20) for monitoring said input and output signals (I, O) to provide a 
control signal (CS) in response to said input and output signals (I, O); and means for 
controlling a power consumption of the electronic circuit in response to said control signal 
(CS). 

2. An electronic circuit as claimed in claim 1, characterized in that it is capable 

of being controlled at a rate determined by the clock signal (CLK). 



3 - A* 1 electronic circuit as claimed in claims 1 or 2 characterized in that it i 

capable of providing information relating to future power consumption. 



is 



4. An electronic circuit as claimed in any of the preceding claims, characterized 

by its ability of having future power consumption being controllable in advance based upon 
past logical events. 



5 - A* 1 apparatus that includes an electronic circuit as claimed in claim 1 . 

6. A method of controlling power consumption of an electronic circuit that 

includes at least one sequential logic element (12) that comprises: 

at least one clock terminal for receiving a clock signal (CLK); 

at least one input terminal (D) for receiving an input signal (I); 

at least one output terminal (Q) for providing an output signal (O); 
characterized in that the method comprises the steps of: 
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monitoring said input and output signals (I, O); 

providing a control signal (CS) in response to the input and oulput signals (I, 
0);and 

operatively controlling the power consumption in response to the control 

signal 
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The present invention relates to an electronic circuit, apparatus and method for 
monitoring and controlling power consumption. Accordingly, there is provided an electronic 
circuit, apparatus and method that includes one or more sequential logic elements (12) that 
are capable of receiving a clock signal (CLK) and an input signal (1) and providing an output 
signal (O). The sequential logic element (12) further comprises circuitry (20) for monitoring 
the input and output signals (I, O) and providing a control signal (CS) in response to the input 
and output signals (I, O), wherein the IC's power consumption is operatively controllable in 
response to the control signal. 



Fig. 5 
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